D
uchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are severe X-linked myodegenerative diseases caused by mutations in the DMD gene and characterized by the defective expression of the full length dystrophin (Dp427). In addition to Dp427, the activation of internal promoters leads to the production of several shorter products, named Dp260, Dp140, Dp116, and Dp71 in reference to their estimated molecular weights. [1] [2] [3] [4] All but Dp116 were reported to be expressed in the retina. [5] [6] [7] Dp427, Dp260, and Dp140 were associated with the photoreceptor terminals and Dp71 in Müller glial cells and astrocytes. 5, 8 The complexes formed by dystrophins and associated proteins (DAPs), originally characterized to cluster acetylcholine receptors at the neuromuscular junction, appear to be equally important in the CNS because some DMD and BMD patients experience nonprogressive cognitive deficits, depending on the mutation position along the DMD gene. 9 -12 Retinal physiology is also affected, with an abnormal scotopic electroretinogram (ERG), in which the b-wave presents both a strong reduction in amplitude, with a negative configuration, and increased implicit time. [13] [14] [15] [16] The photopic response is reduced as well, primarily in its ON component. 17 A similar reduction of the ERG b-wave amplitude was found in the mdx 3Cv mouse, deficient for all dystrophins, 16 and in a ␤-dystroglycan mutant mouse. 18 In these models, both the potassium channel Kir4.1 and the aquaporin AQP4 are mislocalized. 8, 19 Because potassium buffering by Müller cells was proposed to be the basis for the ERG b-wave, 20, 21 this delocalization was linked to the b-wave deficit. However, the electroretinogram of Dp71-null mice, in which Kir4.1 and AQP4 are similarly mislocalized, has been reported to have either a normal 8 or a nonsignificantly reduced b-wave and nonaffected implicit times (Cia D, et al. IOVS 2010;51:ARVO E-abstract 4033), thus differing from those of DMD patients and mdx 3Cv mice. Moreover, patients with mutations in Kir4.1 have a decreased sensitivity of their darkadapted ERG but normal b-wave amplitudes. 22 The cause of the b-wave reduction in both humans and mouse models is thus still not understood. Moreover, a red-green color vision defect was recently reported in some DMD patients, 23 which is hard to explain with the distribution of all dystrophins other than Dp71 restricted to photoreceptor terminals. Therefore, we aimed to reassess the distribution of dystrophin proteins in the retina using a combination of laser capture microdissection combined with RT-PCR, in situ hybridization, and immunohistochemistry. We report here that the mRNAs coding for DMD gene products Dp427, Dp260, and Dp140 are expressed in both the outer nuclear layer (ONL) and the inner nuclear layer (INL). Dp427 mRNA is present in some bipolar cells (most probably from the ON subtype) and amacrine cells. By differential immunolabeling, we also show that Dp427 is proportionally more expressed than Dp260 in synapses between cones and cone bipolar cells compared with those formed between rods and rod bipolar cells.
MATERIALS AND METHODS

Animals
C57BL/6J mice were purchased from Charles River (Les Oncins, France), and mdx 5Cv was purchased from the Jackson Laboratory (Bar Harbor, ME 
Immunohistochemistry
In most cases, animals were killed by cervical dislocation. Eyes were opened along the ora serrata, and the eyecup was fixed 2 hours in PBS ϩ 4% paraformaldehyde (PFA). After cryoprotection by immersion in a 30% sucrose PBS solution, eyecups were embedded in Shandon Cryomatrix (Anatomic Pathology International, Runcorn, UK), frozen on dry ice, and sliced at 14-m thickness in a cryostat (CM3000; Leica Microsystems GmbH, Wetzlar, Germany). For part of the data presented (see Figure 6 ), animals were anesthetized with intraperitoneal injection of ketamine (70 mg/kg) and xylazine (5 mg/kg) and were perfused with cold PBS and then with 4% PFA in cold PBS. The eyes were removed and the retinas were isolated before postfixation (2 hours in 4% PFA) and then were included in 3% agarose and sliced (50 m) with a vibratome (VT1000S; Leica). After blocking and permeabilization in PBS containing 5% normal goat serum and 0.5% Triton X-100, sections were incubated overnight at 4°C with primary antibodies in PBS containing 0.5% Triton X-100. Primary antibodies (Table 1) were detected (2 hours, 25°C) using secondary goat anti-rabbit IgG antibodies coupled to Alexa Fluor 488 (Invitrogen, Cergy-Pontoise, France) or anti-mouse IgG coupled to Cy3 (Vector Laboratories, Burlingame, CA) diluted 1:500 in PBS containing 0.5% Triton X-100. For clarity, dystrophin staining is shown in red in all merged confocal images, corresponding to double staining with other cellular markers. After mounting in medium (Vectashield; Vector Laboratories), the sections were imaged using a confocal laser scanning microscope (TCS SP2 AOBS; [Leica] and an HCX PL APO 63ϫ/1.32 oil CS objective). ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html) was used to make maximal projections from selected planes of confocal stacks and to quantify the dystrophin staining (see 
Laser Microdissection
Tissue Collection. Nonfixed eyes from three mice were embedded in Shandon Cryomatrix (Anatomic Pathology International), frozen on dry ice, and sliced at 10 m thickness in a cryostat (CM3000; Leica) mounted onto autoclaved membrane-coated slides specially designed for the laser microdissection microscope (LMD; PEN-Membrane, 2.0 m; Microdissect GmbH, Mittenaar, Germany).
LMD Protocol and RNA Isolation. Slides were air dried, fixed in 70% ethanol for 2 minutes, washed in DEPC-water for 30 seconds, dipped in toluidine blue prepared in DEPC-water to facilitate the identification of the ONL and INL, dehydrated in graded ethanol solutions (75% for 30 seconds, 95% for 30 seconds, 100% for 30 seconds), and placed in a vacuum desiccator for a minimum of 45 minutes. Laser capture was performed by separately cutting the ONL and INL from the membrane-coated slides with an LMD (LMD6000; Leica). Total RNA was extracted from the captured cells (RNeasy MicroKit; Qiagen, Courtaboeuf, France).
RT-PCR.
The reverse transcription reaction was performed using a two-step RT-PCR kit (QuantiTect Rev. Transcription; Qiagen). Removal of genomic contamination using the DNA wipeout buffer provided by the kit was performed before reverse transcription. Only the extractions (4 of 6) passing the negative control in which reverse transcriptase was omitted were further processed ( Supplementary  Fig. S1A , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7519/-/DCSupplemental). Amplification was performed in a total volume of 20 L containing 10 L master mix (including Taq DNA polymerase, reaction buffer, dNTP mix, and SYBR Green dye), 4 mM MgCl 2 , 0.25 M each primer (see list in Table 2 ), and 2 L cDNA template on a real-time PCR system (LightCycler; Roche Diagnostics, 
In Situ Hybridization
Probe Synthesis. The Dp427 antisense (CTTTCAGGAAGATGA-CAGAATCAG) and control sense (ATTGTTCAGGGCATGAACTCTTGT) probes were digoxigenin-labeled riboprobes generated by in vitro transcription (Dig-UTP; Roche Diagnostics) from DNA templates using SP6 and T7 RNA polymerases (Promega, Madison, WI). The DNA templates were obtained by linearization of a plasmid (pGEM-T Easy; Promega) in which the probe sequence had been subcloned.
Tissue Preparation. Unfixed, whole eyes were embedded in resin (Shandon Cryomatrix; Anatomic Pathology International, Pittsburgh, PA) and frozen on dry ice. Cryosections (10 -12 m) were collected on RNase-treated slides (Super-Frost Plus; Fisher Scientific, Illkirch, France) and stored at Ϫ80°C. Fixation, carried out in a staining system (Autostainer XL; Leica), was in 4% PFA for 20 minutes at room temperature. Slides were then washed for 5 minutes in PBS, acetylated, and dried by passing them in successive ethanol solutions (70%, 90%, and 100%).
In Situ Hybridization. The hybridization steps were performed using a liquid handling platform (Genesis Freedom EVO; Tecan Deutschland GmbH, Crailsheim, Germany). Briefly, slides carrying retinal sections were integrated into flow-through chambers positioned into the Tecan platform. After a first step of proteinase K digestion (0.01 g/mL in 50 mM Tris, 5 mM EDTA, 0.05% Tween-20, pH 8.0) in PBS, sections were prehybridized for 30 minutes in solution (HybMix; Ambion, Austin, TX) and then hybridized for 5 hours and 30 minutes in a humid chamber at 64°C in a solution consisting of the prehybridization solution with the addition of the digoxigenin-labeled RNA probe at a concentration of 300 to 600 ng/mL. Sections were processed for the immunodetection of the digoxigenin label using an anti-digoxigenin antibody coupled to peroxidase (Roche Diagnostics) and revealed with a tyramine-biotin amplification reaction. The default amplification time was 45 minutes and was adjusted depending on the signal intensity. After the color reaction, sections were washed with different blocking solutions and coverslipped with hydromatrix (MicroTech-Laboratory, Graz, Austria).
RESULTS
Dystrophin mRNAs Are Expressed in Both INL and ONL
To assess the expression of DMD gene products at the mRNA level in both the ONL and INL, LMD was used to extract RNA from selected retinal layers (Figs. 1A, 1B) . To ensure the lack of contamination, the laser beam was systematically pointed on the first and last row of nuclei for each layer. RT-PCR coupled to the laser capture of three ONL or three to six INL collected from horizontal sections of the retina revealed that mRNAs from Dp427, Dp260, and Dp140 were expressed not only in the ONL, as expected, but also in the INL in three independent experiments ( Fig. 1 and Supplementary Figs . S1B, S1C, http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7519/-/DC Supplemental). Separation of PCR products showed bands at expected molecular weights (Figs. 1C, 1D ). To ensure that the detection in the INL of these mRNAs was not due to the presence of genomic DNA or mRNA contamination from the ONL, we systematically tested our samples for the absence of the specific photoreceptor marker, rhodopsin, with primers amplifying a short region within exon 3. The absence of rhodopsin in the INL samples, regardless of whether it was reverse transcribed, attested to the lack of contamination (Supplementary 
Dp427 mRNA Is Expressed in Some Bipolar and Amacrine Cells
To explore the Dp427 mRNA expression pattern at the cellular level, we undertook in situ hybridization experiments using digoxigenin-labeled cRNA probes specific for Dp427. Unfortunately, the small sizes of the specific regions of Dp260 and Dp140 mRNAs did not allow the design of probes for these DMD gene products that we could validate. In the retina, Dp427 mRNA signal could be observed in both the ONL and the INL, with a more intense signal in the INL than the ONL (Fig. 2A) ; the sense probe, however, did not give any signal (Fig. 2B) in three independent experiments. The weak signal in the ONL could have been due to the lower expression of Dp427 compared with Dp260 in the ONL, as suggested by the laser microdissection results (Fig. 1C) . No signal was detected in the ganglion cell layer. In the INL, nearly all somas in the cell row next to OPL were labeled. As this row contains a large majority of rod bipolar cells 27 and that OFF bipolar cell somas are found more toward the center of the INL, 28 this indicates that most of the Dp427 expressing cells are ON bipolar cells, including most if not all rod bipolar cells. A significant signal was also detected in all experiments in the inner part of the INL, where amacrine cells are located ( Fig. 2A,  arrows) . Some cell bodies in the central part of the INL, possibly from cone bipolar cells or amacrine cells, were also labeled. Thus, in addition to photoreceptors, at least two other retinal neuronal types expressed the full-length dystrophin.
Dystrophin Proteins Localization in the Photoreceptor to Bipolar Cell Synapse
In the OPL, expression of dystrophin proteins is considered in most species to be restricted to the photoreceptor terminal sub-domains that are wrapped around invaginated processes from bipolar cells, distal from the ribbon-containing active synaptic zones, notably through electron microscopy studies in mouse retina. 29, 30 An additional expression in the tip of bipolar cell dendrites was proposed only in the rabbit retina, as ␤-dystroglycan, a protein frequently associated with dystrophins, was detected in both photoreceptor terminals and bipolar cell dendrites by electron microscopy. 31 The presence of Dp427 mRNA in bipolar cells reported here suggests that, in the mouse as well, these cells could contribute to the OPL immunostaining for dystrophin proteins. Such an expression might have been overlooked because of the difficulty separating it from the signal coming from photoreceptor terminals.
To investigate whether dystrophins were also localized in postsynaptic neuron tips, we labeled mouse retinal sections with antibodies directed against different markers of these cells. We first labeled horizontal cells with antibodies against calbindin. The terminals of horizontal cells were wrapped around the dystrophin puncta (corresponding to rod terminals), always on the ONL rather than the INL side (Fig. 3) . A comparable situation was found at cone terminals, where calbindin staining was crossing the dystrophin bars in their weaker zones (the horizontal cell terminals were on the ONL side of the bar). This suggested that dystrophins were not expressed in horizontal cell tips entering photoreceptor terminals.
The metabotropic glutamate receptor mGluR6 expressed by ON bipolar cells is a good marker of a bipolar cell dendritic tip. 32, 33 At low magnification, it seemed to colocalize with dystrophin proteins, both in the OPL of wild-type mice and in ectopic synaptic contacts between photoreceptors and bipolar cells in the nob2 mouse retina. 34 We labeled mouse retina slices with an antibody against mGluR6 and compared with the immunolabeling of dystrophin proteins at high magnification (Figs. 4A-C) . When associated with rod terminals, the mGluR6 staining could be seen as pairs of parallel ingots, only partially colocalizing with dystrophin proteins. Indeed, the immunostaining for dystrophin proteins was not homogeneous but appeared as three bright parallel elements separated by two dimmer zones, corresponding to the position of the mGluR6 doublets (Fig. 4C) . With retinal slices cut with an angle compared to the eye axis, the labeling for dystrophin proteins in cones appeared not as bars but as "pretzels" covering a larger surface than the mGluR6 labeling (Fig. 4A, arrowheads) . The discontinuities in the labeling for dystrophin proteins observed in rod terminals were not as evident in the cone terminals, resulting in a stronger colocalization with the mGluR6 labeling (Fig. 4B) . We used an antibody targeting another protein expressed in both rod and cone ON bipolar cells, the NKCC cation chloride cotransporter. 35 Again, most NKCC-immunopositive dendritic tips were also labeled by antibody targeting dystrophin proteins, as shown by the superposition of the two labelings ( Supplementary Fig. S3 , http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.11-7519/-/DCSupplemental). Together, these results suggest that dystrophins may be expressed postsynaptically in ON rod and cone bipolar cells, at a weaker level than in the surrounding photoreceptor elements (Fig. 4D) . However, because of the small size of the dendritic tips, an artifactual mGluR6/dystrophin protein colocalization due to fluorescence diffusion from the intensely labeled photoreceptor terminals cannot be ruled out (Fig. 4E) .
Dp427 Is More Expressed in Cone-Than in RodAssociated Synapses
To get some insight into the relative distributions of the long dystrophin proteins in the OPL, we further compared the immunolabeling obtained with the pan-specific H4 antibody to those obtained with antibodies detecting either Dp427 (Dys1) or both Dp427 and Dp260 (C5G5) in wild-type and in mdx 5Cv mice; this latter mouse strain lacked Dp427. As shown in Figure 5A , in the wild-type retina, both H4 and C5G5 labeled cone and rod terminals with comparable intensities. The H4 intensity ratio (see Supplementary Methods and Supplementary Fig. S4 , http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.11-7519/-/DCSupplemental) between cones and rods was 0.69, whereas the ratio for C5G5 was 0.80 (measured on 25 spherules, 7 pedicles). To observe the distribution of Dp260, we labeled the mdx 5Cv retina, in which Dp427 is not expressed, with the C5G5 antibody (Fig. 5B) . As in the wild-type animals, rod terminals were more strongly stained with H4 and C5G5 than were cone terminals. The cone/rod ratio was 0.62 for H4 and 0.60 for 5G5 (10 spherules, 2 pedicles) . When using the Dp427-specific Dys1 antibody, wild-type cone terminals were more intensely labeled than rod terminals (Fig. 5C) ; the cone/rod ratio was 0.68 for H4 and 1.21 for Dys1 (15 spherules, 4 pedicles). Overall, this suggests that the density of the combined long forms of dystrophin (Dp427 ϩ Dp260 ϩ Dp140) was higher in rod than in cone terminals but that Dp427 was more expressed in cones than in rods.
Dystrophins Are Expressed in OFF Bipolar Cells, Amacrine Cells, or Both
Detection of Dp427 mRNA in amacrine cells suggests that Dp427 should be expressed in the inner retina and not only in the OPL. Similarly, the expression of Dp427 in bipolar cells may not be restricted to their dendrites. Dp260 and Dp140 could also be expressed outside the OPL. We thus looked in more detail at the inner nuclear labeling obtained with various anti-dystrophin antibodies. The monoclonal ones used in this study, either the pan-dystrophin Dys2 or the more specific Dys1 (Dp427) or C5G5 (Dp427 and Dp260), did not stain structures in the INL/inner plexiform layer (IPL) aside from the blood vessels for Dys2 as expected from the known Dp71 distribution. 8 On the other hand, the polyclonal H4 antibody labeled the base of the main neurite of inner nuclear neurons, which through their localization are most likely amacrine cells or OFF bipolar cells (Figs. 6A, 6C) , and faintly labeled the IPL, primarily in its half closer to the INL (Fig. 6A ). Both types of label were not detected in mdx 3Cv retinal slices, incubated in the same well as the wild-type slices (Figs. 6B, 6D ). 
DISCUSSION
Previous light and electron microscopy studies on mammalian retinas have proposed that dystrophins, sometimes indirectly through the localization of ␤-dystroglycan, were expressed exclusively in photoreceptor terminals, 6,29 -31,36 -38 with the exception of the rabbit retina, for which a postsynaptic localization of ␤-dystroglycan in horizontal and bipolar cells was detected. 31 Here we provide evidence that, in the mouse retina, the DMD gene products other than Dp71 are expressed not only in photoreceptors but also in the INL. Notably, the full-length dystrophin Dp427 mRNA was detected in ON bipolar cells and in some amacrine cells, and dystrophin immunolabeling was detected in cells close to the IPL, most probably amacrine or OFF bipolar cells.
Our results suggest that Dp260 mRNA is the most expressed form in the ONL, followed by the Dp140 and the Dp427 mRNA, whereas in the INL, Dp427 mRNA was more expressed than Dp140 and Dp260. This is in good agreement with our previous results from the rat retina regarding the relative expression in the ONL. In the rat however, Dp260 mRNA was exclusively expressed in the outer retina. 39 For Dp427, the in situ hybridization data suggest that it is expressed mostly in rod bipolar cells and in some amacrine cells.
Coimmunostaining for dystrophins and proteins expressed in the tips of ON bipolar cells (mGluR6, NKCC) suggested colocalization. However, at high magnification, the dystrophin staining was not homogeneous, and its weaker zones matched those of the mGluR6 or NKCC staining. The combination of the invaginated structure and small size of the dendritic tips thus precludes drawing a solid conclusion from confocal microscopy. Images from Figure 4 and Supplementary Figure S3 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7519/-/ DCSupplemental) can alternatively correspond to an expression of dystrophins in the dendrites of ON bipolar cells (Fig. 4D) or to a dystrophin expression strictly in the photoreceptor terminals (Fig. 4E) .
Another indirect argument for the expression of dystrophin proteins in INL neurons is the in situ hybridization data for ␤-dystroglycan reported by Montanaro et al., 40 showing strong expression in the INL that was partially reduced in the mdx strain, which lacks Dp427. Together with the higher Dp427/ Dp260 ratio and the higher colocalization of mGluR6 with dystrophin proteins, observed in the cone-associated synaptic zones compared with rod zones, we suggest that Dp427 could be expressed in cone ON bipolar cell dendrites. New imaging techniques resulting in better resolution, such as STED and PALM microscopy, as well as the more conventional electron microscopy should help answer this issue. We have tried both pre-embedding and post-embedding immunohistochemistry, including on ultrathin cryosections, in which the embedding resin is replaced by a high-sucrose solution to increase epitope accessibility. 41 As in previous reports from other groups, 29 ,31,37 our pre-embedding results indicated expression strictly in photoreceptor terminals ( Supplementary  Figs. S5A , S5B, http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.11-7519/-/DCSupplemental). However, the geometry of the synapse might have hindered the access of the antibody to the postsynaptic structures. When observed with electron microscopy after fluorescence immunohistochemistry treatment, the tips of bipolar dendrites were preserved compared with the surrounding photoreceptor terminal structures, suggesting that it was not as accessible to the detergent and thus not as well permeabilized as presynaptic elements (data not shown). Because the DAB reaction affected the tissue structure, longer revelation time could not be used to compensate for this bias. With the Tokuyasu technique, only a few gold particles could be detected per terminal. The poor contrast prevented a definitive identification of bipolar dendrites ( Supplementary Figs.  S5C , S5D, http://www.iovs.org/lookup/suppl/doi:10.1167/ iovs.11-7519/-/DCSupplemental). Thus, though the expression of Dp427 mRNA in at least part of ON bipolar cells is established, the expression of dystrophin proteins in these cells remains to be demonstrated.
It has recently been reported that some DMD patients, with mutations affecting Dp260, present a deficit in red-green discrimination. 23 Such a deficit is difficult to reconcile with a Dp260 expression restricted to photoreceptor terminals because its inactivation should affect in a similar way the output of the various cone types. We have reported here that Dp427 mRNA is expressed in some amacrine cells and that Dp260 and Dp140 mRNA are expressed in the INL. Dystrophin immunoreactivity was located at the base of the main neurite of some of the neurons in the two rows closer to the IPL, suggesting that they were OFF bipolar or amacrine cells, and more diffusely in the outer part of the INL. Dystrophins may be expressed differentially between retinal subnetworks, notably in the mouse equivalent to those involved in color processing in primates.
